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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement.

MULTIPLY - BY TO GET

TO GET BY - DIVIDE

angstrom 1.000 000 X E -10 meters (W)

atmosphere (normal) 1.013 25 X E +2 kilo pascal (kPa)
bar 1.000 000 X E +2 kilo pascal (kPa)
barn 1.000 000 X E -28 meter2 

(m
2
)

British thermal unit 1.054 350 X E +3 joule (J)
(thermochemical)

calorie (thermochemical) 4.184 000 joule (J)
cal (thermochemical)/cm2  4.184 000 X E -2 mega joule/m2 (MJ/m2 )

curie 3.700 000 X E +1 giga becquerel (GBq)*
degree (angle) 1.745 329 X E -2 radian (rad)

degree Fahrenheit T_-(t'f+459.67)/1.8 degree kelvi.n (K)
electron volt 1.602 19 X E -19 joule (J)
erg 1.000 000 X E -7 joule (J)

erg/second 1.000 000 X E -7 watt (W)

foot 3.048 000 X E -1 meter (i)
foot-pound-force 1.355 818 joule (J)

gallon (U.S. liquid) 3.785 412 X E -3 meter 3 
(m)

inch 2.540 000 X E -2 meter m)
jerk 1.000 000 X E +9 joule (J)
joule/kilogram (J/kg) 1.000 000 Gray (Gy)**

(radiation dose absorbed)
kilotons 4.183 terajoules
kip (1000 lbf) 4.448 222 X E +3 newton (W)
kip/inch2 (ksi) 6.894 757 X E +3 kilo pascal (kPa)
ktap 1.000 000 X E +2 newton-second/m

2

(N-s/M2
)

micron 1.000 000 X E -6 meter (W)

mil 2.540 000 X E -5 meter Cm)
mile (international) 1.609 344 X E .3 meter Cm)

ounce 2.834 952 X E -2 kilogram (kg)
pound-force (lbf avoirdupois) 4.448 222 newton (N)
pound-force inch 1.129 848 X E -1 newton-meter (N'm)
pound-force/inch 1.751 268 X E +2 newton/meter (N/m)

pound-force/foot2  4.788 026 X E -2 kilo pascal (kPa)
pound-force/inch 2 (psi) 6.894 757 kilo pascal (kPa)
pound-mass (ibm avoirdupois) 4.535 924 X E -1 kilogram (kg)
pound-mass-foot 2  4.214 011 X E -2 kilogram-meter2

(moment of inertia) (kg-m 2 )
pound-mass/foot

3  1.601 846 X E +1 kilogram/meter
3

(kg/m 3 )
rad (radiation dose absorbed) 1.000 000 X E -2 Gray (Gy)**
roentgen 2.579 760 X E -4 coulomb/kilogram

(C/kg)

shake 1.000 000 X E -8 second (s)
slug [.459 390 X E +1 kilogram (kg)

torr (mm Hg, OC) 1.333 22 X E -1 kilo pascal (kPa)

* The becquerel (Bq) is the SI unit of radioactivity; I Bq 1 I event/s.
**The Gray (Gy) is the SI unit of absorbed radiation.
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SLCTION I

INTRODUCTION

Standard dosimetry methods used in testing electronic piece pprts in typical cobalt-60 test

facili'ies can commonly invole errors on the order of a factor of two. It is possible in certain situations

for the errors to exceed z factor of five This can create problems when an attempt is made to correlate

data collected at cobalt-60 facilities with that obtained using the recently developed low energy X-ray

sources. One of the f.,:tors contributing to the problem is now commonly referred to as dose enhancement.

, ,ie basic nature of the dose enhancement phenomenon for a high atomic number material

next to one of lower atomic number is illustrated by the experimental data in Figure I. The high atomic

number material is gold (or tungsten) and aluminum simulates silicon. Two curves are shown: the upper

one is for the case v. here the gammri rays originating at the rlht penetrate the low atomic number

aluminum before reaching the gold and the lower curve is for the case where the beam enters the gold

layer first. The experimental points were obtained using ionization chambers in one case I I and secondary

emision in the other [2]. The agreement between the two techniques was excellent.

The quantity indicated on the vertical axis is the dose relative to that in a silicon equivalent

dosimeter under so called electronic equilibrium conditions [3]. In fact, it can be seen that it is not

urtil a distance of 1000 micrometers from the boundary is reached that the relative uose approaches

1.0 which is the region to which standard dosimetry applies. At the boundary, the relative dose for

the upper curve exceeds a factor of two. The lower curve for the -eversc beam direction starts at a

value of about 1.5, rapidly drops to a value less than 0.9, and gradually rises until it reaches the equilibrium

point.

The significance for modern devices is clear given the fact that critical device dimens.ons

(e.g. gate oxides) can be less than 0.1 micrometers thick and that gold is common in device packages.

Although the gold in Figure I was an equifibrium thickness, later observatioiis stowed that even micrometer

layers produced a marked effect at cobalt-60 energies.

This boundary problem arises due to a fundamental assumption implicit in present day

gamma and X-ray dosimetry methodology. The assumption is that the dimensionsof the target material

are large relative to the range of the energetic Compton and photoelectrons produced by the incident
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Figure 1. Air ionization and secondary emission measurements of the relative dose in aluminum
next to gold a-, reported by Wall and Burke Ill and Frederickson and Burke 121.
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high energy gamma photons Under this assumption transpoit of the secondary electrons away from

the point where they are produced is neglected. They are assumed to impart all of their energy to the

target material at the site where they are generated. This approach considerably simplifies the calculation

of the absorbed energy and the interpretation of dosimeter measurements.

For modern electronic devices, however, the basic assumption that the dimensions are large

relative to the range of the electrons created by the incident high energy photons is almost never justified.

1.0 MeV Compton or photoelectrons created by cobalt-60 gamma rays will have a range of about two

millimeters in silicon. The result is that electrons created in materials used to package devices can

easily reach sensitive parts of the device such as the gate oxide in an MOS structure. In most cases

this leads to a marked enhancement in the dose which is not reflected by the conventional dosimeters.

In the first part of the report we describe the problem of dose enhancement, briefly outline

early work related to it, and then review recent work that has led to our present understanding of its

role in the response of microelectronic devices. The questions that remain concerning our ability to

predict its role in device testing are identified.

The second section describes an ionization chamber which can be used to minimize uncertainties

encountered in actual device testing in cobalt-60 test facilities. The design and performance of the

chamber are described. The possibility of developing similar chambers for other types of radiation

sources is discussed.

As part of the general review of factors that could lead to dosimetry problems recent work

on fluctuation phenomena produced in different test environments was reviewed. In this case the problem

is not that conventional dosimetry gives inaccurate information - it simply gives no information at

all. Methods for calculating the magnitude of such fluctuations for X-ray and cobalt-60 environments

are described and compared with experimental data in an Appendix.
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SECTION 2

REVIEW OF DOSE ENHANCEMENT

2.1 EARLY WORK.

What is now commonly referred to as "Dose Enhancement" is a phenomenon that predates

studies of radiation effects in semiconductor devices by decades. It is a problem that is related in a

fundamental way with the measurement of the amount of energy imparted to matter by all types of

radiation, but its effects are especially noticeable for X-rays and gamma rays. It occurs at boundaries

between materials of different atomic number where the electron fluence is very different from that

characteristic either material. The energy imparted to a low atomic number material (the absorbed

dose) at a boundary with one of high atomic number is usually much greater than that in the absence

of boundary effects.

This boundary or interface problem was encountered very early in studies related to the

measurement of X-ray energy deposited in matter when attempts were made to relate the absorbed

dose in a probe constructed of one material to that in a target of a different material. The probe was

assumed small enough to produce a minimal perturbation in the dose received by the target. Early

papers on this were those of W. H. Bragg (1910) [41 and L. H. Gray (1929,1936)[5J. The original theory

relating the dose in the probe material to that in the target has become known as Bragg-Gray theory.

In actual practice the probe consisted of a chamber with walls identical to or as close as possible to

that of the target. It was filled with a gas, usually air, and the ionization produced therein taken as

a measure of the absorbed energy in the gas. The theory developed by Bragg and Gray was then used

to deduce the energy imparted to the surrounding target material. Later developments relating the

energy deposited in the gas cavity to that in the target are referred to under the general heading of

cavity theory. Excellent surveys of developments in cavity theory are available in many books such

as that by Attix [6].

The essential point relatixe to the dose enhancement problem is that \e are dealing with

a situation where electron transport across an interface between different materials cannot be ignored.

Cavity theorv focuses on the relation between the dose in one material (the cavity gas) to that in another

(the cavity wall) when the electrons responsible for the dose in both cases originate in the w#all material

only. An important difference between the early cavity theories and the dose enhancement problem

is that cavity theory gives the a\ erage dose o\ er a thin gas layer which may be equi\ alent to se\eral

4



microns of solid material. Since the cavity material is a gas an average dose is the most useful way

of expressing the result. In the case of the dose enhancement effect, however, the dose changes rapidly

within the first few microns of a solid boundary. A detailed description of the dose as a function of

distance is a much better indicator of the actual damage to the critical components of a device than

an average value.

As the cavity becomes larger and the mass of gas increases electrons originating in the

gas will contribute and must be taken into account. This has been the subject addressed in later

developments of cavity theory by Burlin and Kearsley [7,8]. These later theories are capable of describing

the absorbed dose as a function of distance from the interface. They are similar in many respects to

semiempirical models developed to describe the dose enhancement effect by Burke , Chadsey and Garth

[9- Ill although detailed comparisons have not yet been made. In the most recent versions of the dose

enhancement models, directional effects associated with beams of gamma radiation are taken into account

whereas this has not yet been addressed in the cavity models.

Another area of research related to dose enhancement evolved from medical applications

of radiation, especially in radiotherapy and radiobiology. The common name for the effect in this

case was "transition zone dosimetry". This work was pioneered by F. W. Spiers who was especially

concerned with the dose received by soft tissue next to bone [12]. The photon energys studied covered

the 25 - 200 keV range reflecting the sources commonly used for radiotherapy during that period.

Work in these areas up to 1968 was reviewed by Spiers 11 21. In the case of the bone marrow

we have a structure roughly analogous to some of the cavity ionization chambers previously discussed

i.e. a low density low atomic number material surrounded by a higher density higher atomic number

matrix. It is not surprising therefore that attempts were made to calculate the dose using approaches

similar to those developed for cavity chambers. However, in contrast to the early cavity theory work

the bone cavities could not be assumed to be very small relative to the ranges of the electrons generated

by the X-ray sources of concern. The effect of the material in the cavities was taken into account

and calculations done for planar, cylindrical and spherical geometries. Other interfaces of concern

included the skin and the respiratory tract. The maximum dose "enhancement factors" calculated for

soft tissues in bone were about 3.5 for 35 to 50 keV X-rays.

" , a • I I I II I5



As reported by Spiers experimental studies of these transition zone effects were carried

out using chemical dosimetry (ferrous sulfate solution),biological indicators (T4 bacteriophage), and

solid state dosimetry (radiation induced conductivity in polyethylene sheets). The most extensive studies

were performed using ionization chamber techniques.

The later studies covered in the review by Spiers were done by Dutreix and his colleagues

[131. They included cobalt-60 and high energy bremstrahlung at energies of 1I, 15 and 20 MeV. The

interfaces studied involved combinations such as copper and lead next to carbon. Dose profiles were

reported that qualitatively strongly resembled results later published by Wall and Burke [ I ] for copper

and gold next to aluminum.

In summary we see that the problem associated with specifying the dose at material boundaries

was recognized from the earliest days of working with X-rays. It first arose in connection with measuring

dose and later in the application of X-rays to radiotherapy. Certain features of the effect at cobalt-60

photon energies were identified e.g.the sensitivity of the profile to the direction of the incident gamma

rays, and the fact that the magnitude of the dose enhancement in a low atomic number material is a

function of the atomic number of the material next to it. In the low energy X-ray calculations it was

also found that the enhancement would go through a maximum. The material combinations studied,

however, were not those of prime interest in the case of effects on semiconductor devices and the

computational models involved assumptions that were not valid for the semiconductor case. Consequently,

most of this early work had relatively little impact upon the developments that were to begin in the

area of radiation effects on semiconductor devices.

2.2 DOSE ENHANCEMENT IN SEMICONDUCTOR DEVICES.

2.2. 1 Early Studies.

The first recorded concern over the dose to silicon near a layer of gold or other materials

of high atomic number appears in two papers presented at the 1969 IEEE Nuclear and Space Radiation

Effects Conference. These results were not published in the December issue of the IEEE Transactions

on Nuclear Science but do appear in the Summaries of Papers which were distributed to attendees at

that time.
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One of these papers was presented by K. W. Dolan and J. L. Wirth of Sandia Laboratories

and was entitled "Non-Local Energy Deposition in Silicon by Energetic Electrons" [ 1 4. The specific

problem addressed was the poor correlation between theory and experiment found in the experimental

determination of photocurrents induced by low energy flash X-ray machines. It was found that devices

exposed to flash X-ray machines yielded photocurrents which exceeded predicted values by a factor

of two or more while those obtained with high energy (20 MeV) Linacs were in essentially exact agreement

with theory. It had been assumed that the discrepancies were due to dosimetry errors but the source

had not been identified. It was suspected that photoelectrons injected into the silicon from gold eutectic

bonds were a possible source of the enhanced photocurrents. Silicon PN diodes with gold or aluminum

backings were irradiated with a 600 kVp flash X-ray machine. The diode with the gold foil backing

was found to yield a pulse four times larger than the diode with the aluminum backing. This is cssentially

the same factor that would be derived from later Monte Carlo calculations. Pulse height analysis

experiments using a PIN detector indicated that photoelectrons from the gold were responsible.

The other paper by L. S. Mims and R. A. Williams of Autonetics was entitled "Effects of

Packaging on Radiation-Induced Responses" [15]. This paper also focussed on the generation of

photocurrents due to both gold eutectic bonding and from gold plated transistor covers. The study

involved both measurements and calculations. They concluded that the enhanced dose could be an

order of magnitude greater than that in the absence of gold. They estimated an enhancement factor

as high as 57 for 50 keV X-rays on a gold-silicon interface. This is about a factor of two higher than

given by later Monte Carlo results.

2.2.2 Multicavity Ionization Chamber Measurements.

A 1970 paper entitled "Gamma Dose Distributions At and Near the Interface of Different

Materials" by Wall and Burke was the first paper published on dose enhancement in the IEEE Transactions

on Nuclear Science [I]. The motivation for this work evolved from previous studies of low energy

secondary electron emission yields from various materials bombarded with gamma rays and high energy

electron beams. It had been found that the yields were proportional to the energy deposited in surface

layers of the bombarded materials. The problem of determining the surface dose in various circumstances

was investigated and the available information found to be incomplete. It was decided to measure

the dose experimentally using multicavity ionization chambers which were based upon modified secondary

emission vacuum chambers. An exploded vicw of chamber construction is shown in Figure 2.

7
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The experimental studies reported in this paper involved the determination of dose profiles

in aluminum and gold next to beryllium, carbon, magnesium, copper, and molybdenum. Hybrid

configurations were also studied involving aluminum sandwiched between goll and carbon. The

dependence of the profile shape upon the direction of the gamma beam was clearly evident in these

studies. The material combinations were different but qualitatively resembled and supported the results

reported earlier by Dutreix et al. The maximum measured enhancement was found to be 2.2 in aluminum

next to gold when the gamma beam approached the interface from the aluminum side.

The study of the dose enhancement effect was considerably expanded by Burke et al., in

1971 [1,2,16,171. Since the ionization chamber measurements had shown that the dose changed rapidly

with distance near an irradiated interface it was decided to obtain more detailed measurements in this

zone. A new parallel plate aluminum ionization chamber was constructed with variable foil thicknesses

instead of the single foil thickness used in the original chamber. The new chamber had 3.4 mg/cm 2

foils near the interface (0.0025 cm or 0.5 mils) graded up to 20 mg/cm 2 (0.05 cm or 10 mils) near the

chamber center. The new chamber permitted accurate empirical fits to the data as well as the determination

of the effects of thin films of gold on the dose distribution in aluminum.

2.2.3 Early Calculations of Dose Enhancement.

As soon as it became clear that significant dose perturbations occurred at gold-silicon interfaces

the question arose as to the photon energy where the effect would become largest. Consequently, at

the same time the measurements were being made in mid 1970 Sherman [18] undertook calculations

of dose enhancement factors at a gold-silicon interface as a function of photon energy. As a point

of departure he used the cavity theories and transition zone calculations of Spiers [12], Charlton [19],

and other early workers. Extensive modifications were necessary because the high atomic number

materials of interest in semiconductor effects were not included in the early transition zone analyses.

At this time it was suspected that at low X-ray energies dose perturbations might also occur at

silicon-silicon dioxide interfaces even though these materials are ordinarily considered identical for

energy deposition by energetic photons. The results of these calculations are shown in Figure 3. The

gure shows that the maximum dose enhancement factor was predicted to be 30 at 120 keV and 10 at

20 keV. The calculations extended only to 150 keV because of the strong directional effect of the

early models. It was interesting to find that at energies below 15 keV the dose in SiO 2 would be enhance

by a factor of I.5. We will compare these factors with later analytical and Monte carlo results. They

are the first known calculations of these quantities.

9
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2.2.4 Empirical Fits to the Dose Enhancement Data.

Empirical fits to the data were found by Wall [171 to follow an expression of the form

D = 1.0 + Ae' + Be - l + Ce" (2.1)

where

D = the dose relative to an all aluminum chamber

x = thickness of aluminum in mg/cm2

A,B,C,a,b,c are constants derived from fits to the data

The constants for various wall materials are shown in Tables I and 2.

2.2.5 Dose Enhancement Produced by Thin Gold Films.

Experimental studies of the effect of thin gold films are shown in Figure 4. As can be

seen only a few microns of thickness has a readily detectable effect.

The thin gold film measurements clearly showed that the dose enhancement problem was

important for gold thicknesses comparable to those encountered in device packages even at cobalt-60

gamma energies.

2.2.6 Fundamental Assumptions Underlying the Ionization Measurements.

The multicavity ionization chambers had yielded a large amount of information concerning

the nature of the dose enhancement effect bult the interpretation of the information in terms of dose

raised some questions. It had been assumed that the air ionization observed in the experiments was

simply pruportional to the dose delivered to the adjacent cavity walls. The assumption is valid if that

portion of the secondary electron energy spectrum responsible for the ionization does not change markedly

in the vicinity of the interface (the transition zone). The reason for this assumption rested in part on

the fact that the modified cavity theory devised by Burlin was based on a similar assumption (e.g. see

Burlin in Attix [3] pp 365 et seq.). His arguments for this were based upon extensive experimental

information derived from studying energy deposition by beta rays that had been reported by many

investigators.
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Table I. Dose profiles in aluminum next to various elements.

Higher Atomic Number Facing the Source

Element A B C a b c

Be -0.159 0.0751 0 0.0213 0.137 0
Cu -0.183 0.192 0 0.0094 0.0749 0
Mo -0.356 0.426 0 0.0138 0.0450 0
Ag -0.332 0.211 0.320 0.0114 0.0341 0.251
Cd -0.299 0.206 0 0.008 1 0.0827 0
Au -0.262 0.255 0.284 0.0097 0.0408 0.351

Lower Atomic Number Facing the Source

Be 0.283 -0.0836 0 0.0 122 0.325 0
C 0.119 0 0 0.0079 0 0
Cu 0.204 0.293 0 0.0172 0.33A 0
Mo 0.294 0.312 0 0.0173 0.200 0
Ag 0.311 0.288 0 0.0158 0.216 0
Cd 0.306 0.202 0 0.0167 0.115 0
Au 0.526 0.231 0.249 0.0144 0.0998 0.346

NOTE: Carbon does not appear in the first part of the table due to repeated irregularities in the data,
the cause of which was never determined.

Table 2. Dose profiles in aluminum next to gold films.

Gold Facing the Source
Film

Thickness
(microns) A B C a b c

25.4 -0.203 0.290 0.404 0.0104 0.0442 0.320
12.7 -0.193 0.265 0.437 0.0131 0.0311 0.258
6.35 -0.0596 0.465 0 0.0122 0.124 0
1.40 -0.0316 0.0539 0.329 0.00734 0.044 0.312
0.65 -0.0277 0.221 0 0.0136 0.220 0

Aluminum Facing the Source

25.4 0.410 0.417 0 0.015 0.158 0
12.7 0.260 0.552 0 0.0195 0.256 0
6.35 0.198 0.418 0 0.0214 0.212 0
1.40 0.0596 0.276 0 0.0215 0.216 0
0.65 0.199 0 0 0.183 0 0

12
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2.2.7 Secondary Emission Measurements of Dose Enhancement.

The fact that Burlin found that the assumption of a stable electron energy spectrum led

to calculations which were in excellent agreement with cavity chamber experiments lent further support

for its adoption in the multicavity measurements of dose enhancement. As a further check, however,

it was decided to attempt to reproduce the ion chamber results usiig a completely different physical

mechanism 121. It had previously been shown that the low energy (<50 eV) electron yield from an irradiated

surface was proportional to absorbed dose. The secondary emission mechanism, therefore, provided

an opportunity to check the ionization measurements. It was found that the secondary emission

measurements agreed within a few percent with the previous ionization measurements reinforcing the

interpretation of the latter as an indicator of relative dose.

2.2.8 Dose Enhancement in Multiple Layers.

A series of measurements had been taken of dose profiles in aluminum sandwiched between

two different materials e.g. gold and beryllium. It was found that the results for the two interfaces

in such cases could be reproduced by a superposition of the results from experiments on single interfaces

[20]. For example the Au-Al-C profile could be obtained by combining the Au-Al-Al and the Al-Al-C

results. Figure 5 illustrates the method. To be more explicit for an aluminum layer of thickness T

sandwiched between gold and carbon the dose enhancement factor would be given by

D(Au/AI/C)x = D(Au/AI)x + D(AI/C)T-x - 1.0 (2.2)

where

D(Au/AI/C)x Enhancement ratio at x for the sandwich structure.

D(Au/AI)x Enhancement ratio at x for Au/Al

D(AI/C)T-x Ratio at T-x for Al/C

The limits of applicability for the superposition approach has not been determined but it was found

to apply down to aluminum thicknesses equal to one half the range of the most energetic electrons produced.

For the photoelectrons created by cobalt-60 one half the range in aluminum amounts to about 0.1 cm.

14



C
2.2- RELATIVE DOSE IN ALUMINUM

BETWEEN
2.1- A CARBON AND A GOLD PLATE

*MEASURED
2.0- SUPERPOSED SINGL-E

iNTERFACE DATA

Uj1.5-

1.8-

1.7-

0-

.9-

.8

0 60 120 180 240' 30U
DISTANCE FROM CARBON INTERFACE (mg/cm2)

(CARBON FACES 60 OSOURCE)

Figure 5, Relatise dose distri'aution in aluminum bet14een carbon and gold from Wall and Burke
1201.

15



2.2.9 Early Comparisons with Monte Carlo Calculations.

The first comparison of the multicavity chamber results with Monte Carlo calculations

was carried out by M. J. Berger [211. The calculations were done assuming a broad beam of cobalt-60

gamma photons. The results obtained were in good agreement with the multicavity measurements for

the case where the beam entered the aluminum first but showed a marked departure from the calculated

results for the opposite direction as shown in Figure 6. The reason for this discrepancy was not clear

at the time.

In addition to the above studies a Monte Carlo electron transport code that had been developed

to calculate photo-Compton current distributions for SGEMP applications was modified to derive dose

distributions at interfaces of dissimilar materials [221. It was used to calculate profiles at planar

gold-aluminum interfaces irradiated by 300 kVp and 1000 kVp bremsstrahlung spectra, a cobalt-60

spectrum, and 30, 100, and 200 keV monochromatic X-rays. The X-ray spectraare shown in Figures 7

and 8. Comparisons with the unpublished data of Wall are given in Figures 9 and 10. The agreement

with experimental results for the X-ray spectra is very good.

Comparisons with the cobalt-60 data show discrepancies similar to those found by Berger.

They are most noticeable for the case where the photons enter the gold first as can be seen in Figure 1I.

Based upon preliminary calculations and measurements it was estimated that in the original experiment

by Wall and Burke, Compton scatter in the collimator employed, and from the source itself, contaminated

the gamma beam with low energy photons. It was estimated that 3% of the incident energy was in

this low energy spectrum with a peak at about 200 keV. When this component was added to the original

calculation the overall results were within 10% of those measured as seen in Figure 12.

2.2.10 Comparisons of Device Response to Ionization Chamber Results.

Although reasonable agreement had been found between ionization chamber readings and

Monte Carlo calculations (after allowing for the presence of Compton scattered photons) it was decided

to determine if the ion chamber data could actually be used to predict device response. Accordingl,

the response of N/P solar cells was measured as a function of the atomic number of the medium adjacent

to the cell for two directions of the cobalt-60 beam [231. The dose profile used to calculate the minorit\

carrier generation was that measured with the multicavity chamber. The measured short circuit current

represents an average over the cell. [he measured and calculated currents agreed within a few percent.
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2.2.11 Gamma Ray Induced Charge Buildup in Insulators.

The dose enhancement effect is closely related to the phenomenon of charge buildup in

insulators adjacent to materials of different atomic number. The charge buildup results from the rapid

change in the fast electron current as it crosses the interface and moves into the dielectric material.

As we know the dose in this transition region also changes rapidly. The radiation induced conductivity

which is directly related to the dose rate is strongly affected by the dose profile. A paper published

in 1974 described an analytical method for calculating the number current, energy current, and energy

deposition at the photon irradiated interface between different materials [24]. Dose profiles were not

given but the dose enhancement factor in silicon at the gold silicon interface was given for photon

energies between 0.01 and 10 MeV as shown in Figure 13. This is the first reported calculation of

the dose enhancement factor as a function of incident photon energy above 200 keV. The magnitude

and position of the peak enhancement agree with the early results of Sherman [181.

2.2.12 Dependence of Dose Enhancement on Gamma Beam Direction.

All of the measurements and calculations discussed up to this point were for a beam direction

normal to the irradiated interface. Monte Carlo calculations were carried out for photon energies of

30 keV, 100 keV, and 200 keV at angles of photon incidence varying from 0 to 85 degrees both for

photons incidence on the gold and on the aluminum [22]. The results of the calculations for the lowest

and highest energies are shown in Figures 14 and 15. Experimental studies [25] using CaF2:Mn-teflon

thermoluminescent dosimeters (TLD's) confirmed the main result of the Monte Carlo calculations,

namely, that the largest effect occurred at normal incidence. Additional experiments on angular dependence

were carried out by Long and Swant [26). They again showed that for a gold-silicon interface the maximum

enhancement factors for 0.3, 6.0, and 10 MVp X-rays occurred for photons incident at 0 and 180 degrees.

As a result most studies since that time have focussed upon the case of normal incidence. The Monte

Carlo code employed in these and many later studies was described in a 1975 report [271. The essential

finding in all of these experimental and theoretical studies was that the dose enhancement effect was

always greater for normal incidence of the photons.

2.2.13 Dose Enhancement in Different Types of Devices.

Up until 1974 the number of studies on actual device types had not been extensive. In

that year an extensive study was reported for an MOS (metal-oxide-semiconductor) transistor, a bipolar

transistor, a linear integrated circuit, and a PIN (P-Intrinsic-N) diode [281. Tests were carried out
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with 300 kVp flash X-ray, 2 MVp flash X-ray and 10 Mev Linac bremsstrahlung. The enhancement

effects of gold, copper, ceramic, aluminum and mylar were examined. A condensed tabulation of the

results is given in Table 3. The enhancement factors ranged from 17 for the MOS device exposed to

300 kVp X-rays to 1.0 for the PIN diode exposed to 10 MVp bremsstrahlung.

Table 3. Experimental dose enhancement factors for several types of devices.

300 Kevp 2 Mevp 10 Mevp 6 MeV
Device Fx Brem Fx Brem Linac Brem Linac Elect

Transistor 6.0 2.6 1.6 1.3
Pin Diode 1.6 1.5 1.0 1.2
IC 4.2 2.2 --- 1.2
M OS 17.0 3.8 ......
TLD 2.9 1.3 ......

Additional device tests were reported in 1975 on the photocurrents generated in bipolar

switching transistors exposed to low average (100 keV) and high average (600 keV) energies [29]. The

devices were packaged in Kovar and Kovar/gold TO-5 cans. The SANDYL Monte Carlo code was

used to calculate the dose profiles through the sensitive regions of the devices and the photocurrents

for the different packages calculated. The calculations yielded results which were in excellent agreement

with experiment. The maximum dose enhancement factor measured and calculated was about 5.0.

In 1982 a paper by Long, Millward, and Wallace [30] outlined an engineering methodology

which accounted for the primary dose enhancement effects in generic semiconductor devices/packages.

Dose enhancement factors were computed for key conditions and provided in tabular form. Both total

dose and transient response were considered. Radiation sources considered included flash X-rays,

LINAC's and cobalt-60. A number of specific examples were provided. Additional details were given

in a technical report published in 1983 [31].

Extensive studies of dose enhancement in flash X-ray environments were reported in 1985

132]. This involved the use of the CMOS IC detectors previously employed to study enhancement in

cobalt-60 tests. In this case the theoretical estimates were a factor of two higher than the experimental

results. Attempts to identify the source of the discrepancy were unsucessful.
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2.2.14 Parametric Monte Carlo Calculations.

The Monte Carlo approach was believed to be the most reliable (but time consuming) method

for calculating dose perturbation at boundaries. Calculations of dose enhancement as a function of

photon energy up to 1975 had involved only analytical or semipirical methods. Accordingly, the POEM

Monte Carlo code was used to calculate enhancement factors as a function of photon energy between

10 an 2000 keV [331. This was done for gold next to silicon and gold next to polyethylene. In view

of the rapid change of the dose with distance from the boundary, the calculations were done at distances

of 0, 2, 5, 10, and 30 microns from the boundary. The results are shown in Figures 16-19. The data

for the gold-silicon case agree very well with the previous analytic and semi empirical calulations.

The enhancement factor for polyethylene next to gold reached a value of 400 at photon energies below

50 keV.

2.2. 15 Comparisons Between Calculations.

In 1976 a number of further developments were made in the area of calculation. In the

paper by Dellin and MacCallum the analytical QICKE4 code was compared with the Monte Carlo codes

POEM, SANDYL, and ZTRAN [34]. Comparisons were made for dose profiles at the gold-silicon

interface for photon energies of 50, 320, and 2000 keV. In general the agreement was very good.

As a result of the extensive parametric calculations carried out with POEM the preceeding

year a semi-empirical model was developed which permitted rapid calculations for cases where Monte

Carlo results were unavailable [9-I ]. This model was later simplified and extended by Chadsey in

1978 to enable the calculation of dose profiles as well as the dose immediately at the interface. The

agreement with the POEM code was very good.

2.2.16 Calculations at Energies Below 10 keV.

Up to 1979 all of the theoretical dose enhancement calculations had been done for energies

above 10 keV except for the results of Sherman for the silicon-silicon dioxide interface. A series of

calculations over the 0.1 to 10 keV energy range were done using the semi-empirical model 135]. The

materials studied included SiO9 next to gold, silicon, and aluminum. The results agreed with the ealier

Sherman calculation where the two could be compared. An analytical model based upon extensi\ e
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earlier work on X-ray production and X .,y analysis .vas applied to the low energy X-ray range by

Brown in the following year [361. Many of the cases treated in [351 were examined with substantially

the same results.

2.2.17 The Effects of Scattered Radiation on Dose Enhancement.

As previously indicated the original multicavity ion chamber data collected at a cobalt-60

source did not agree well with Monte Carlo calculations near the boundary between dissimilar materials.

It was suspected that the primary reason for the disagreement was the presence of Compton scattered

radiation generated in the source material and the collimator used in the original experiments. In the

early work only approximate methods were used to estimate the amount and spectrum of the scatter.

The availability of a Monte Carlo code for calculating the scattered spectrum permitted a more quantitative

assessment. Not surprisingly the calculated scattered spectrum brought experiment and theory into

much better agreement.

The importance of scattered radiation in a "typical" cobalt-60 radiation cell precipitated

the question of how variable the results could be due to changes in the conditions for photon scattering.

This lead to a series of experiments involving the measurement of dose enhancement with ion chambers

where the chamber surroundings were varied by using paraffin wax to generate low energy scatter

and lead for supression of the scattered component [37]. It was found that aluminum and paraffin

wax had much the same effect. Twenty centimeters of paraffin wax increased the enhancement factor

at the go;d aluminum interface from 2.0 to 3.0. In the same year Brown and Dozier reported on a method

for reducing enhancement errors by using a lead filter [38]. Additional details on a filter which can

be used routinely in device testing was provided in a 1984 paper by Dozier and Brown. This approach

has since been incorporated into an ASTM standard [39].

The scattered radiation problem in cobalt-60 test cells was further explored using the Monte

Carlo code MCNP in two separate papers [40,41 ]. This included concrete rooms, water wells, and the

Gammacell 220. The results indicated that the the scattered component in concrete rooms varied widely

ranging from 38 to 63% of the total number of photons incident on the target. Approximately 50%

of the photons in the Gammacell 220 are scattered. The NBS water well also showed large variability

in the scatter amounting to 40 to 60%.
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Further studies of the effect of scattered radiaton in MOS devices exposed in typical gamma

test facilities was reported by Kelly et al in 1983 r42]. Calculations were performed for devices in

gold-Kovar packages and compared with measurements. The measured values of dose enhancement

factors were 1.5 to 1.6 compared with 1.3 to 1.6 for the best calculations. With a lead filter the enhancement

was reduced to less than 1.2.

2.2.18 Dose Enhancement in Devices: X-Rays vs Cobalt-60.

Low energy X-ray sources (10 keV) have been proposed as alternatives to cobalt-60 for

device testing [43]. It is essential in this case to be able to correlate results obtained with these two

sources. In 1983 two papers identified dose enhancement and the field dependence of recombination

as mechanisms which could show significant differences in the two environments. Oldham and McGarrity

[44] measured the dose enhancement in silicon dioxide next to aluminum and found excellent agreement

with calculations of Dozier and Brown. The latter 145] carried out calculations for tungsten silicide

and found enhancement factors as large as 5.5.

In 1985 two papers compared results obtained with X-ray and cobalt-60 sources. The

conclusions reached were different. In one case [461 it was reported that correction factors had to be

applied for dose enhancement and electron-hole recombination in order for the results obtained with

the two sources to agree. The other study [47] reported good agreement between the two sources without

applying enhancement or recombination corrections.

In 1986 a number of papers reported further information concerning the problem of correlating

X-ray and cobalt-60 results [48-50]. From the point of view of the present report the most relevant

finding was that the TIGER series Monte Carlo codes commonly used for dose enhancement calculations

had failed to yield agreement with any of the experimental results! Part of this discrepancy was attributed

to a lack of accurate information concerning the incident X-ray spectrum and its interaction with the

structures of the target. This was analogous to the problem encountered with cobalt-60 sources in the

early studies of the dose enhancement effect. Far more serious was the suggestion that the way the

basic physics of the electron transport process was treated in these codes might be at fault - especially

for electron energies below 10 keV. Factors mentioned included: discrepancies in comparisons of low

energy electron backsc'itter with code predictions, failure of the assumptions underlying the condensed

history approach, and the fact that electrons with energy below I keV are not tracked in the transport

process. The condensed history approach enables a marked reduction in computer time by treating

groups of collisions using multiple scattering theory rather than following each collision. The interested
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reader should refer to Berger's article [3]. Two papers presented at the same time furnished support

for considering the low energy cutoff problem [51,52]. In [511 it was shown that for thin films of SiO 2

(less than 0.05 microns), transport of electrons with energies less than 10 eV was important. It was

shown that lowering the electron cutoff energy from 9-eV to 3.6-eV reduced the dose enhancement

factor in SiO 2 from 1.45 to 1.30. The effect was larger in a film of oxide half as thick falling from

1.50 to 1.35. The importance of low energy electrons in the production of holes was clearly brought

out by the work of Brown [52]. Several of the studies presented at the time emphasized that more direct

correlation between sources could be achieved by using a measure of damage, e.g. hole generation,

rather than dose.

Work on the anomalous X-ray cobalt-60 results continued through 1987. Some of the

discrepancies previously reported were removed but the oxide field dependence could not be accounted

for theoretically. The general problem of correlating effects produced by different photon environments

became more complex with the report of problems in the medium-energy X-ray dose enhancing

environment [531. A broad bremsstrahlung spectrum was used with average X-ray photon energies

of 60, 105, and 140 keV. The temperature, gate bias, oxide thickness, and spectrum dependencies

of the relative enhanced response (RER) cn' Z.MOS devices was measured and compared to TIGERp

code predictions of the expected dose enhancement. Satisfactory agreement was not found for cases

of practical systems interest. These included thick oxides at low fields, thin oxides and diodes. Reasons

for the disagreement were not clear.

In 1988 further extensive studies of the role of dose enhancement were reported [54,551.

The response of MOS capacitors to low and medium energy X-ray irradiation was reported as a function

of gate material, oxide thickness, and electric field. Two discrete ordinate codes and the Monte Carlo

TIGERp code were used to calculate dose enhancement effects. The dose predictions were combined

with the most recent recombination data to arrive at theoretical predictions of device response. Good

agreement was found at fields of I MV/cm for both aluminum and tantalum silicide gates. At higher

and lower fields, however, the disagreement increased significantly and exceeded a factor of 2 at fields

below 0. I MV/cm. The general conclusion was that the discrete ordinates and Monte Carlo codes provide

very reasonable estimates of dose enhancement in MOS structures. The difficulty of translating the

dose predictions into enhanced device response remained most likely due to uncertainties in electron

hole-recombination and other field dependent factors. If better than factor of two estimates are required,

the authors concluded that carefully controlled experiments remain the most reliable way of determining

the effect of dose enhancement on response of MOS circuits.

35



2.3 ENHANCEMENT REVIEW SUMMARY.

The first step in correlating the effects of different types of radiations or the effects at

different incident energies is to determine by measurement and/or calculation the energy imparted

to the sensitive regions of the target. As mentioned at the beginning of this review microelectronic

devices have dimensions such that the basic assumptions upon which standard dosimetry theory and

practice are based do not hold. In particular the standard theory assumes that the photo and Compton

electrons produced by energetic photons have ranges which are small relative to critical dimensions

(e.g. gate oxide thickness) of the device under test. Under such a constraint boundary effects are not

important. This condition is usually addressed under the heading of "charged particle equilibrium".

Of practical importance are cases where the energy imparted to a target significantly exceeds that derived

from dosimeter measurements. It turns out that the most common semiconductor material, silicon,

is frequently found in the presence of higher atomic number elements. The higher cross section of

such elements for the production of photoelectrons leads to the injection of these electrons into the

adjacent silicon leading to an effect which has come to be known as "dose enhancement". The response

of the target may or may not be simply related to the energy deposition. The focus of concern here

has been on how well we an :7timate the dose and not on the connection between the dose and the

response of the target devit,..

From the material reviewed the following seems to be a reasonable assessment of our present

capabilities to predict energy deposition in microelectronic structures:

The material structures for which the greatest uncertainty exists are the thin gate oxides

encountered in MOS device structures. Prediction uncertainties are on the order of a factor of two

but only part of this can be attributed to the dose calculation. The other important factor in this application

is recombination and its dependence on local electric field. The factors that play an important role

in the dose uncertainty are as follows:

Uncertainty regarding the cross sections (and the derived quantities such as mean free

paths, stopping powers and ranges) for elastic and inelastic interactions of electrons with energies below

10 keV and especially below I keV in materials of interest in microelectronics. Note that it has been

estimated that 50% of the holes created in gate oxides are produced by electrons with energies below

100 eV. Almost the entire data base in this energy range has emerged from ORNL over the past dozen

years with few checks against other measurements or calculations. The uncertainty increases the lower

in energy we go and is largest below a few hundred eV.
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The cutoff energy in the existing Monte Carlo codes is in the vicinity of 1000 eV which

is much higher than the energies of electrons responsible for depositing energies in thin films. Calculations

have indicated that below 500 Angstroms a 10 eV cutoff energy may not be low enough. This poses

serious problems for Monte Carlo codes in terms of extending the running times.

The condensed history approach used in electron Monte Carlo codes may not be suitable

for thin multiple layers of materials. The alternative is to follow each collision which again has the

effect of significantly extending the running times.

There are some indications that 6ie cross sections for electrons in the medium energy range

may not be adequate from electron backscatter and photon induced electron backscatter.

Input information on the spectrum of the photon source may not be adequate. This has

been a persistent problem in commonly used cobalt-60 test sources i.e. gamma cells, concrete rooms

or water wells. The number of scattered photons incident on the target device can be as high as 50%

and vary markedly in its energy spectrum. The uncertainty can be reduced by employing ion chamber

which give a measure of the effective incident energy or the maximum dose enhancement to be expected.

Input information on the device under test i.e. its structure, material composition, and

critical dimensions. A few tens of Angstroms can lead to significant differences in calculated dose.

The connection between the dose and the response of the target. Thin gate oxides are a

clear example. In that case recombination in the presence of local electric fields can profoundly alter

the observed reponse.
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SECTION 3

THE DIRECT MEASUREMENT OF DOSE ENHANCEMENT

3.1 BACKGROUND.

The direct calculation of dose enhancement is difficult for two reasons: because of scatter

it requires a determination of the gamma photon spectrum at the point of interest (a photon transport

problem), followed by a second calculation of the energy deposited by the photon induced secondary

electrons in the target structure (an electron transport problem). For the complex three dimensional

geometries commonly encountered, Monte Carlo computations are generally required in both cases.

Fortunately, improvements in transport codes in recent years have enabled calculations to be made

for even the complex multilayered structures typically encountered in device testing. There are additional

problems, however, in the routine application of the computational approach.

Accurate input data required to perform the calculations is likely to be unavailable. The

photon transport part of the calculation in a given test facility requires data on the exact positions,

shapes and compositions of the structures surrounding the test object. The electron transport part of

the calculation requires information on the microscopic structural details of the irradiated device or

component. Inaccurate information concerning either or both of these areas can render the transport

calculations inaccurate.

As indicated in the first part of this report the magnitude of the dose enhancement is very

sensitive to the gamma spectrum at the point of interest. This spectrum is very different from that

emitted by the source due to Compton scattering within the test facility. The scattered spectrum is

also quite variable from one test facility to another. Large variations are even possible in the same

facility due to changes in supporting structures or shielding materials in the immediate vicinity of the

object under test.

The value of an experimental method for estimating the relative magnitude of the low

energy component in any test arrangement of interest was pointed out by Kerris and Gorbics [57].

The experimental information could then be used to obtain an estimate of the dose enhancement factor.

The approach described in the present study extends the method employed in [57). It is based upon

earlier work with multicavity chambers [I] and subsequent experience with chambers of that type.
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In this section of the report a description of the present approach and its implementation

in the form of a dual cavity ionization chamber is given. New results obtained with this chamber are

presented to illustrate its capabilities. Possible future applications and modifications are briefly described.

3.2 DESIGN FACTORS.

The approach followed in the present study is based upon the multicavity chambers employed

in the first measurements of dose enhancement as shown in Figure 1 [1]. Selection of the basic design

was motivated by the desire to achieve the following performance characteristics:

Direct measurements of dose enhancement factors

without reference to other experimental or computa-

tional data.

A capability to simulate many different conditions en-

countered in a component under test.

An ability to detect the dependence of the dose on

sample orientation.

High spatial resolution so that energy deposition in

simulated multilayer structures could be explored.

Ease of use, reliability, accuracy, and simple low cost

construction.

The basic design selected for the chamber is shown in Figures 20 and 2 1. It employs parallel

plate geometry with two air cavities 4.5 cm in diameter and walls 0.1 cm apart. The design permits

the wall materials to be varied according to the particular problem of interest. In the most typical

configuration the electrodes consist of three 0. 1 cm thick aluminum plates separated by polystyrene

insulators of the same thickness. A 50 jum gold foil is stretched over the interior of the inner electrode

in one of the cavities. The thicknesses of the cavity walls used here are based upon previous experimental
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EXPLODED VIEW OF DUAL IONIZATION CHAMBER

COVER PLATE

ELECTRODES -

INSULATORS-

sCOVER PLATE CABLE CONNECTOR

Figure 20. Schematic showing the arrangement of the main components of the dual cavity ionization
chamber.

40



DUAL CHAMBER ASSEMBLY

0 0
o 0 0 0

o 0 0 0

B C D

Figure 2 1. An exploded cross section view of the dual cavity ion chamber with separate end on views
of the components. Three electrodes (D) and two polystyrene spacers (C) form the two
cavities. Polystyrene end covers (B) are used to reduce external effects. Aluminum end
plates (A) clamp the assembly together. A small end plate (E) supports the cable connector.
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studies [4]. Solid end covers of polystyrene 0. 1 cm thick are used to isolate the electrodes from the

external environment and an aluminum frame is employed to clamp the assembly together. The cable

conductors are connected to the electrodes by mechanical pressure.

Calculations based upon well established relationships on ion chamber performance [31

show that a chamber of this type should have a collection efficiency of >99% at an exposure rate of

100 R/s. The effect of humidity on response amounts to less than one percent for changes in relative

humidity ranging between 5 to 95%.

The basic measuring circuit employed in these studies has been previously described [I]

(see Figure 22). It includes a potentiometer and switching circuit for varying the applied potential

in either cavity between a few tenths of a volt Lo +60 volts.

3.3 PERFORMANCE.

The chambers were found to yield excellent plateau curves for all material and voltage

polarity combinations. In obtaining the data reported here readings were taken over a 10 to 60 volt

range. The relative standard deviation of the dose enhancement factors obtained over this range typically

did not vary by more than 201v which means that applied bias does not need to be rigorously controlled.

A factor that is not often mentioned with regard to the operation of ionization chambers

of the type described here is the appearance of polarity effects i.e., changes in the collected current

as a function of the polarity of the applied voltage. A number of factors can contribute to this effect

[3]. These factors include: contact, thermal, of electrolytic emf's in the measuring circuit. "Compton

current" effects, leakage currents picked up from exposed leads and contacts. To eliminate possible

errors from this source the readings obtained under positive and negative bias were averaged. If this

is not done the enhancement factors may vary by ±5% of those reported here.

The dose enhancement factor for the aluminum immediately adjacent to the gold interface

was directly obtained by measuring the ratio between the ionization current in the all aluminum cavity

chamber and the mixed aluminum gold foil cavity chamber at the same exposure position. Note that

it is not necessary, as in the procedure described by Kerris and Gorbics [57] and outlined in Figure 22

to first obtain an effective energy from an energy response curve followed by an estimate of the

enhancement from Monte Carlo calculations of the enhancement factor as a function of energy as shown
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in Figure 23. At the present time Monte Carlo calculations of dose enhancement versus photon energy

are only available for gold next to silicon and gold next to polyethylene. This restricts the application

of the method outlined in [57] to those material combinations. The direct measurement technique does

not require data from calculations and can be applied to any combination of matei ials which are electrically

conducting as shown in Figure 24. Also, unlike a single c., vity chamber as in [57], only one experimental

setup of the dual cavity is required. The two chamber readings needed to arrive at the ratio are obtained

directly without changing the chamber configuration or position (see Figure. 23 and 24).

3.4 RESULTS.

After ensuring that the observed currents accurately reflected cavity ionization and were

not contaminated with induced "Compton currents" or other stray sources the dual chamber was used

to explore a series of cases of possible interest. The cobalt-60 Radiation Facility at Hanscom AFB

was used in these studies. As a first step the response of the all aluminum chambers were compared

with calibrated Victoreen R chambers and found to yield a current within 10% of a calculation based

upon the nominal chamber dimensions. It was clear that with calibration it was possible to use the

all aluminum cavity of the dual chamber as a "silicon equivalent dosimeter".

The dual chamber was then used in the coi-figuration required for measuring the enhancement

at a gold/aluminum interface. In this configuration one of the cavities has a gold foil stretched over

the interior aluminum electrode as previously described. In eariier work it had been found that surrounding

a chamber with paraffin would increase the Compton scatter sufficiently to markedly increase the dose

enhancement factor [371. When lead was substituted for the paraffin the enhancement factor was noticeably

reduced. In the experiments with the dual chamber exposures v'ere made with paraffin (10cm), lead

(0.2 cm) and the normal exposure conditions (no material between the source and chamber other than

air). The results are shown in the upper part of Table 4.

The wax was 10 cm thick and lead 0.2 cm. The relative standard deviation (r/1) for the

dose enhancement factors (DEF's) did not vary by more than 2%.

The scatter medium is shown in the first column (e.g. Air for normal exposure), the orientation

of the wall materials in the second column (c.g. Al > Au means that the cobalt-60 photons penetrate

the aluminum before reaching the interface with the gold), and the last column -ives the observed

enhancement factor.

43



CHAMBER FOILS (20)
END PLATE

1. CURRENT METER
67V 2. CHAMBER VOLTAGE METER

22 V 3. CHAMBER VOLTAGE ADJUST POT.
4. POLARITY REVERSING SWITCH

Figure 22. Schematic of chamber current measuring circuit.
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MEASUREMENT PROCEDURES COMPARED

SINGLE CHAMBER

Al Measurement

Effective Energy Enhancement
vs

Energy

Enhancement Factor

Figure 23. Procedure for deriving an enhancement factor from separate gold and aluminum ion chambers
1571.
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MEASUREMENT PROCEDURES COMPARED

DUAL CHAMBER

IA u / A I Me a s u r e me n t  
Enhancement Factor I

IAl Measurement

Figure 24. Procedure for deriving an enhancement factor from the dual ionization chamber.

46



Table 4. Experimental dose enhancement factors (DEF).

Scatter Medium Chamber Configuration DEF

Air Al> Au 2.03

Air Au Al 1.51

Wax Al> Au 2.39

Wax Au > Al 1.89

Lead Au Au 1.56

Lead Au _ Al 1.03

Air Cu Au 1.72

Air Au Cu 1.46

Wax Cu Au 1.91

Wax Au >Cu 1.59

Lead Cu Au 1.36

Lead Au _ Cu 1.13

Note: The orientation of the wall materials is indicated in the second column. For example Al > Au
means that cobalt-60 photons penetrate the aluminum chamber wall prior to interacting with the gold.
The wax was 4" thick and the Pb 0.084".

The dose enhancement factor for the Al > Au orientation was found to be 2.03. This

is a typical value for the case where the photons approach the interface from the low atomic number

side. Note that when the beam direction is reversed the dose enhancement factor is reduced by about

25%. This demonstrates the importance of the orientation effect which has frequently been ignored

in piece part testing. The magnitude of the orientation effect varies with scatter conditions and distance

from the interface. It is readily detected with a dual chamber of the type described here.

The orientation effect will be most important when the primary photons impinge upon

the target from one direction. In the case of cylindrically symmetric sources e.g. gammacells, or in

certain configurations encountered in water pools, the primary photons and the associated Compton

scattered photons penetrate the interface from opposing directions. This tends to reduce, and in the

case of perfect symmetry remove, the dependence on orientation. The dose enhancement, however.

remains yielding a value representing an average over the two extremes found in a directional source.
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The influence of enhancing the Compton scatter is evident in the next pair of readings

where the scatter medium is 10 cm of paraffin wax. The enhancement factors are observed to increase

markedly for both beam directions. The assumption that the "high energy" cobalt-60 photons should

be little influenced by this relatively small amount of low atomic number material is misleading. In

a real test situation the material might be plastic, wood or water.

Finally we see the result of adding a high atomic number filter to reduce the amount

of Compton scatter. The enhancement factors are reduced but the asymmetry remains. Note that with

these particular combinations of scatter materials the difference between the lowest and highest dose

enhancement factor is a factor of two.

An alternative way of comparing variations in dose enhancement is to compare changes

in h enhanced dose only i.e. subtract 1.0 from the usual dose enhancement factor. A change in a

DEF from 2.0 to 1.5 then represents a 50% rather than a 25% change in enhancement. However, in

the present paper we will use the more common method of comparing dose enhancement factors.

It is significant that all of these readings were taken in exactly the same position in the

RADC concrete shielded exposure facility. Only relatively small changes were made in the scatter

environment by adding wax bricks or small amounts of lead shielding. Such materials can frequently

find their way into test facilities of this sort without attracting much concern. Much larger changes

can occur if the target is moved next to large sources of scatter such as the shielding walls. This potential

for inadvertently changing the exposure conditions is an important reason for employing a chamber

of the type described here.

In addition to studies with the Au/Al chamber a series of runs were carried out with

an all copper chamber (rather than aluminum) one cavity of which contained a gold foil. In this case

we can consider the combination as closely simulating the ionization dose enhancement conditions at

a gold - gallium arsenide interface. It was found in early experimental studies [ I ] that materials with

intermediate atomic number gave very similar profiles.

As can be seen from Table 4 the enhancement factors are only slightly lower than the

Au/Al case. The Compton scatter, enhanced by the paraffin, strongly influences the result. These

are the first reported measurements for a case corresponding to what might be observed in a gallium

arsenide device. In this case the experimental results when a lead filter is present are in excellent agreement
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with past calculations [58]. The calculations were done for pure cobalt-60 photons and the lead filter

brings the incident spectrum close to that condition. The calculated values were 1.35 and 1.16 and

the measured values are 1.36 and 1.13.

It is essential that the enhancement factors in the ionizing dose reported here not be

automatically applied to the introduction of displacement damage in gallium arsenide devices. It turns

out that displacement damage enhancement can also occur at gamma irradiated interfaces as described

in some detail by Garth et al [58]. The problem is that the amount of damage is very sensitive to the

threshold energy for displacement as pointed out by Meulenberg et al [591. A change in the threshold

from 10 eV to 25 eV means that the lowest energy electrons effective in producing damage changes

from 250 keV to 600 keV This means that the Compton scatter effect, which can markedly enhance

the ionization dose by increasing the low energy electron fluence at the interface, is likely to have little

if any effect on displacement damage. References [581 and [59] should be consulted for further information

on this problem.

One of the interesting capabilities of the dual chamber described is that it can be used

to determine the enhancement at any distance from the interface by simply adding an intervening foil.

This was done for aluminum and yielded results corresponding to those given in Figure 1. Any complex

multilayer structure can be thus be simulated provided that the outer layers are conducting.

To obtain a dose profile additional cavities could be added up to the twenty employed

in the original studies, however, ease of use declines proportionally. An attractive alternative is to

combine the experimental readings obtained by adding additional foils with calculations using a code

such as that developed by Garth [581. Since the cobalt-60 generated spectra tend to fall within narrow

bounds the experimental determinations should be sufficient to enable a useful dose profile to be generated.

Finally some comments should be included relative to the quantitative correlation between

dose enhancement factors as determined with the dual cavity chamber, and measurements of dose

enhancement using devices [32]. The primary advantage of the dual chamber is that it can be used

to readily detect any inadvertent changes in the irradiation environment that might significantly alter

the dose enhancement factor in vulnerable devices. Note that the dual cavity chamber measures the

maximum dose enhancement factor in aluminum immediately next to gold. The sensitive regions of

most devices exposed to the same environment would normally be some distance from the interface.

Consequently, the chamber can be considered to establish an upper bound to the dose enhancement

effect. It also affords the possibility of closely simulating many types of configurations in IC circuit
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packages and independently determining the dose enhancement. It thereby affords a check on computer

code calculations. However, in many cases, as previously discussed, it has been found that the response

of devices cannot be simply correlated with dose enhancement e.g see [55] Nevertheless it is useful

to have an independent measure of the actual dose as differentiated f-vm the response. It is worth

mentioning that the magnitude of the dose enhancement effect, the influence of orientation relative

to directed sources, and the importance of Compton scatter were all first detected with ionization chambers.

3.5 SUMMARY OF RESULTS.

A dual cavity ionization chamber has been designed, fabricated, tested and applied to

measure dose enhancement factors under a wide range of conditions. It proved to be an efficient method

for determining the enhancement factors for the highly variable conditions encountered in actual testing.

The chamber can be calibrated to give an absolute dose reading for silicon, gallium arsenide, or any

other material together with the associated enhancement factor. It also can be used as a research tool

to measure enhancement factors for material combinations not previously examined. Dose response

curves or parametric Monte Carlo calculations (both of which can be difficult to obtain) are not required

to apply the method.
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SECTION 4

CONCLUSIONS

A survey of all relevant literature concerning dose enhancement was carried out and

a selective review of that information is presented in this report. Much of hoe information covered

has received only limited distribution in the past. Looking beyond the immediate problem of predicting

and correlating the response of MOS devices to cobalt-60 and 10 keV X-rays the fundamental issue

is how accurately the absorbed dose in the vicinity of boundaries can be predicted. N particular is

the basic physics understood.

The available evidence reviewed here indicates that only for MOS device response have

problems arisen. In that case the dose enhancement acts together with recombination and local electric

fields to modify the observed response. It would, at first glance, appear reasonable to attribute the

factor of two uncertainty encountered in these cases all to the recombination process. However, in

1986 evidence was presented which showed that calculations of the dose in thin oxide layers was very

sensitive to the energy cutoff point. Most Monte Carlo codes cutoff at energies around I keV while

the new results suggested that 10 eV might not be sufficient. It was also shown that more than half

of the holes in an oxide are generated by electrons with energies less than 100 eV. To date this issue

has not been resolved.

It dc .s ... r_ , t. direct ,Yn; . -tnai test of existing theory to calculate energy

deposition down to low energies could be made independent of the complications that occur in oxides.

This could be done using the mechanisms of low energy secondary emission. In that case we have extensive

experimental and theoretical evidence accumulated over decades to refer to. it can test our capabilities

to predict energy deposition and electron transport down to an electron volt or less. Recombination

and other corc.pitcations associated with oxides are not involved.
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APPENDIX A

DOSE FLUCTUATIONS

A.I BACKGROUND.

As mentioned in the summary of the literature review of dose enhancement the first step

in correlating the effects of different types of radiations or the effects of different energies of the

same radiation is to determine by calculation or measurement the energy imparted to the sensitive regions

of the target. As microelectronic devices have evolved their dimensions have dropped so that basic

assumptions upon which standard theoretical and experimental dosimetry is based can lead to serious

errors. One of the problems that has arisen as a result of reduced device dimensions is dose enhancement

which is the main topic addressed in this report. Another problem that has not received much notice

to date is that of fluctuations in the dose delivered to a small target. This problem first arose in connection

with optical sensors containing large numbers of sensitive pixels. It was found in those cases that significant

statistical variations in device response occirred for both ionizing effects and displacement damage.

It was also found that it was possible to quantitative!y describe those effects with a general probalistic

model [60,61 ].

Most recently evidence has arisen which indicates that statistical variations may be the

cause of so called lateral non-uniformities (LNU's) in the production of holes in gate oxides by X-rays

or gamma rays. This raises the question as to how different 10 keV X-rays and cobalt-60 gamma rays

are in producing dose fluctuations. That is the topic introduced in this Appendix.

The approach outlined in the following treatment uses established methods originally developed

in microdosimetry theory. All of the factors that contribute to fluctuations in the dose are considered.

These include the number of Compton and photoelectron hits, the energy spectrum of these electrons,

their path length through the gate oxide, ,nd energy straggling by the incident electrons.

The results indicate that the X-ray dose exhibits some what larger fluctuations than is the

case for gamma radiation over the range of sizes studied. The contribution of the variation in the number

of electron interactions to the total variance (the Poisson component), is found to differ foi 10 keV

X-rays compared to cobalt-60 gamma rays. This component diminishes as the size is reduced.
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In the following Appendix the method employed to make the calculations is first described

and example calculations given. The results are then compared to recent experimental measurements.

Finally, the theory is used to illustrate the variation in dose as a function of device dimensions.

A.2 THEORY OF DOSE FLUCTUATIONS.

The variation of energy deposited in a small target is affected by four kinds of fluctuations:

I) The number of electron tracks that traverse the microvolume is a statistical quantity.

It is governed by P' isson statistics.

2) The energy spectrum of the electrons entering the target covers a wide range leading

to variations in the rate of energy loss per unit electron track (linear energy transfer).

The applicable statistics are derived from transport analysis.

3) The length of the track through the microvolume is a source of fluctuations. It

is a sensitive function of the geometric shape and is analyzed using concepts derived

from geometrical probability theory.

4) For a given incident electron energy and track length there are still variations in

the energy transferred to the target due to energy straggling.

All of the above factors must be taken into account in order to arrive at an estimate of the dose fluctuations

in an X-ray or gamma environment.

The models appropriate for handling fluctuations of this type was originally developed

we take as a measure of the fluctuations the dimensionless quantity sD/mD where SD is the standard

deviation of the absorbed dose and mD is the average dose. The quantity sD/mD can be calculated from

microdosimetry theory from the ratio of the first and second moments of the four factors itemized

above. The key equations are

sDmD = (Z/mD)"t2  (A.])
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where

z t (1.6x10-11/V p) [(82/8) + (L 21L)(s 2/s)] (A.2)

where 52/5 are the moments of the straggling distribution in keV, L2 /L the moments of the LETdistribution

in keV/lm and s2/S the track length moments in im. V is the volume in cm3 , and p the density in g/cm 3 .

A derivation of these results has been given in the literature [61].

A.3 APPLICATIONS OF FLUCTUATION THEORY.

The results of applying this theory are given in Table 5. The calculations were done for

right circular cylinders of SiO 2 with thicknesses of 25, 50, and 100 nm with radii given by r/Tox =

8.5 where Tox is the thickness of the oxide layer. The results presented are for both 10 keV X-rays

and cobalt-60 gamma radiation for a nominal exposure of 100 krad. The columns in the Table labelled

N-Il 2 are the contribution to sD/mD from the Poisson contribution alone. This is always smaller than

sD/mD.

Table 5. Relative standard deviation for 100 krad :.nd r/Tx = 8.5.

OXIDE GAMA CASE X-RAY CASE
THICKNESS

(nm) SD/mD N- 1/ 2  sD/mD N-1/2

100 0.017 0.0052 0.030 0.019
50 0.043 0.010 0.066 0.038
25 0.11 0.021 0.14 0.076

Note that the relative variation is markedly increased for the thin oxides compared to thick layers.

Also the relative importance of the Poisson contribution varies for the two radiations. The Poisson

factor accounts for about one half the X-ray variation but only about one fifth of that due to cobalt-60.
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Results of the theory outlined here have been compared with experiment and found to

agree very well with the data. Reference [62] should be consulted for details.

In view of the reasonable agreement between theory and experiment projections have been

made of the spread in absorbed dose as a function of oxide thickness. The results are shown in Figure 25.

For a total dose of 100 krad it can be seen that for 100 Angstrom films the average dose loses much

of its quantitative meaning. There is a finite probability that the dose of a particular film might range

anywhere between 5 to 200 krads. The problem of correlating different types of radiations with small

experimental samples is clear.

In addition, large gate arrays will guarantee that the extremes of the distribution will occur.

The result is shown in Figure 26 where for a sample of 10,000 gates with a thickness of 250 Angstroms

the distribution of the extreme dose values is given. It can be seen that it is certain that the largest

dose will exceed 145 krads for a mean dose of 100 krads.

A.4 SUMMARY OF FLUCTUATION THEORY.

The preceding shurt review has shown that dose fluctuations are a problem when devices

reach dimensions typical of those now in production. The statistical spread in small samples used in

radiation testing will make it difficult to correlate the effects of different radiation types. Theory

indicates that there is a real difference between 10 keV X-rays and cobalt-60 gamma rays but this

could be very difficult to see experimentally. It also turns out that the maximum deviations are expected

to occur for 100 keV X-rays. Experimental information to confirm that prediction is not yet available.

It does appear that a direct experimental test of existing theory to calculate energy deposition

down to low energies could be made independent of the complications that occur in oxides. This could

be done using the mechanism of low energy secondary emission. In that case we have extensive

experimental and theoretical evidence accumulated over decades to refer to. It can test our capabilities

to predict energy deposition and electron transport down to an electron volt or less. Recombination

and other complications associated with oxides are not involved.
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DOSE VARIATION IN GATE OXIDES
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Figure 25. Distribution of absorbed dose in oxides of different thicknesses for 10 keN' X-rays.
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DOSE VARIATION IN GATE OXIDES
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Figure 26. The distribution of the largest dose received by an oxide gate in a sample of 10,000 gates.
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APPENDIX B

MEASUREMENT OF X-RAY DOSE ENHANCEMENT

B.I BACKGROUND.

Studies of MOS device response precipitated questions concerning the accuracy of the computer

codes used to calculate dose enhancement into the X-ray region. In the case of these devices it is very

difficult to isolate the dose enhancement effect from the recombination mechanism and the latter's

sensitivity to local electric fields. It would be highly desirable to check does enhancement calculations

using a mechanisms thaL is free of recombination or other complicating factors.

There are at least three methods which could be employed for making such measurements.

These include secondary electron emission detectors, extrapolation ionization chambers, and solid state

detectors. Of these, the secondary emission chamber offers the best opportunity to produce a result

analogous to what is obtained with the ionization changer at gamma ray energies. It should prove reliable,

relatively easy to interpret, and simple to construct. The factors considered in arriving at this conclusion

are outlined in the next section.

B.2 FACTORS CONSIDERED IN X-RAY DETECTOR DESIGN.

B.2.l Features Desired.

Sensitivity - An emission chamber must yield enough current at the anticipated exposure

level to provide a reasonable signal to noise ratio.

Spatial Resolution - This is the most difficult goal to satisfy at 10 keV X-ray energies.

The target of ultimate concern may consist of a silicon dioxide layer no more than a few Angstroms

thick. If the phenomenon employed to observe the dose enhancement integrates over a thickness much

larger than that, it will not yield a dose enhancement measurement that is sufficiently accurate. The

thickness of material from which secondary electrons emerge is of the order of a few tens of Angstroms

when the target is electrically conducting.

Accuracy - The accuracy of the system should be better than 20%. This should be sufficient

to determine the relative contribution of dose enhancement to the response of MOS devices.
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Precision - Accuracy could be improved by making a large number of measurements and

then taking the average value. We would prefer a system with sufficient precision to obtain an accurate

measurement with a single observation.

B.2.2 Constraints.

The above characteristics must be achieved within certain constraints. The essential factors

are described here:

Dimensions - The dimensions will be determined by the space available in the ARACOR

machine. This has a significant impact on the sensitivity of the detector.

Ease of Application - Set up and read out time should be minimal. However, unlike the

ionization chamber for gamma ray induced dose enhancement, it is not expected that this will be used

for regular routine measurement.

Dose Rate Limitation - It is expected that for the range of dose rates encountered with

the ARACOR tester, no saturation limitations will arise.

Materials - Care will have to be used in selecting materials to simulate the targets of interest.

This is due to the fact that secondary electron emission can be very sensitive to the formation of oxide

and/or chemical films on the emitting surface. Available information is expected to be sufficient to

avoid possible difficulties in this area.

Costs - Significant quantities of expensive materials or complex processing steps are to

be avoided.

B.3 CHAMBER DESIGN FOR X-RAYS.

B.3. 1 General.

Of the three approaches to the measurement of dose enhancement by x-rays, the secondary

emission chamber comes closest to meeting the criteria outlined above. Our initial estimate of its

performance capability, indicates the emission currents generated should range from nanoamps to picoamps

depending upon the operating level of the source.
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B.3.2 Design.

The overall chamber design will resemble the ionization chamber used for gamma ray dose

enhancement. One major difference will be the necessity to maintain a vacuum level necessary to insure

that ionization does not interfere with the measurement indicates there should not be any problem.

At the low X-ray energies encountered here, the thickness of wall materials necessary to establish

equilibrium is about one micrometer or less. They would not be thick enough to sustain the vacuum.

For this application beryllium would probably be a suitable material since it is used in a similar application

in X-ray tubes.

B.3.3 Calibration.

In order to obtain an accurate estimate of the dose enhancement factor relative or absolute

measurements of the emission yield will be necessary. In making relative measurements, the response

of a mixed wall chamber where both walls are the same in a manner analogous to that used in the air

ionization case. However, a dual chamber such as that used for cobalt-60 will not be appropriate because

of strong absorption of the primary radiation. Relative measurements in the case of X-rays would

require two separate chambers.

In some cases an estimate of the actual dose rate at the interface of concern might be desired.

A measure can be obtained by calibrating the emission yield against ionization. This techniques was

used originally to measure the emission yields of a number of different elements [63]. It was shown

in [631 that the secondary emission current I characteristic of the irradiated material times the dose

rate D in rads per second

- 10 -" Y, D (B.1)

In the expression above the yield factor Y., is in units of reciprocal stcpping power i.e., g/MeV-cm 2.

The yield constant can be determined by measuring air ionization in the same chamber used for the

emission measurements. The expression from [62] is

Y, = 1O6d r IgIlA w s. (B.2)
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where I E and 'A are the emission and air ionization currents, d the air density in g/cm3 , t the thickness

of air in the cavity in cm, w the energy required to produce an ion pair in eV, and sm the relative mass

stopping power for the cavity. All of these quantities can be readily determined.
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